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INTRODUCTION 


The  fragility  of  lymphocytes  in  comparison  to  other 
cell  types  has  been  recognized  by  many  investigators,  but 
relatively  few  reports  have  appeared  that  explore  this 
phenomenon.  When  sedimentation  in  hypertonic  saline  was 
used  to  separate  human  leukocytes  from  the  other  formed 
elements  in  the  blood,  it  was  noted  that  many  more  lym¬ 
phocytes  were  lost  than  granulocytes  (1). 

An  observation  of  potential  importance  to  the  pro¬ 
blem  of  lymphocyte  fragility  was  made  in  this  laboratory 
when  the  rapid  lysis  of  a  murine  lymphoblastic  leukemia 
cell  line  (L5178Y)  after  inhibition  of  protein  synthesis 
was  demonstrated,  as  opposed  to  the  mere  cessation  of  growth 
seen  in  other  cell  types  (2).  This  phenomenon  has  been 
explored  in  this  thesis  to  determine  the  fundamental  na¬ 
ture  of  this  cell  and  its  reaction  to  inhibition  of  pro¬ 
tein  synthesis. 

Among  the  inhibitors  of  protein  synthesis  used  in 
this  study,  L-asparaginase ,  a  clinically  useful  agent, 
was  employed.  This  enzyme  catalyzes  the  hydrolysis  of 
L-asparagine  to  L-aspartic  acid  and  ammonia.  The  develop¬ 
ment  of  this  enzyme  as  an  ant ine ioplastic  agent  began  in 
1953  with  the  observations  of  Kidd  (3»^),  who  noted  marked 
regression  of  certain  types  of  transplanted  lymphomas  in 
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mice  and  rats  after  guinea  pig  serum  was  injected.  At  the 
time  Kidd  was  using  the  guinea  pig  serum  as  a  source  of 
complement  in  a  study  of  immunotherapy  of  lymphomas.  The 
tumor- inh ibitory  factor  in  guinea  pig  serum  was  not  iden¬ 
tified  until  1961  by  Broome  (5»6,?)»  who  found  that  puri¬ 
fication  of  the  anti-tumor  activity  paralleled  aspara¬ 
ginase  activity.  This  work  was  confirmed  by  Yellin  and 
Wriston  (8),  who  achieved  a  900-fold  increase  in  the  spe¬ 
cific  activity  of  the  enzyme.  Other  potential  sources  of 
the  enzyme  were  also  investigated  for  antitumor  activity. 
Holmquist  found  that  serum  from  the  agouti,  a  South  American 
rodent  in  the  same  superfamily  (Cavioidea)  as  the  guiriea 
pig,  was  also  a  powerful  inhibitor  of  the  6C3HED  lymphoma 
in  vivo  (9)«  However,  L-asparaginase  perparations  derived 
from  guinea  pig  liver  (10),  and  yeast  (11)  were  relatively 
inactive  with  respect  to  antitumor  effect.  Mashburn  and 
Wriston  (12)  made  a  major  contribution  in  demonstrating 
the  very  active  antitumor  effect  of  L-asparaginase  from 
Escherichia  col  i .  In  19&9  "the  enzyme  was  obtained  in  cry¬ 
stalline  form  from  E.  col i  B  ( 1 3 ) • 

The  first  clinical  trial  of  L-asparaginase  occurred 
in  1966  when  Dolowy  e_t  al.  noted  clinical  improvement  in 
a  oatient  v/ith  acute  lymphocytic  leukemia  using  partially 
nurified  guinea  pig  serum  (14).  The  following  year 
Hill  e_t  al .  obtained  a  signifigant  partial  remission  in  a 
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case  of  acute  lymphocytic  leukemia  using  E.  col i  as  the 
source  of  asparaginase  (15)*  Current  studies  with  essen¬ 
tially  homogenous  preparations  of  the  enzyme  have  shown 
that  it  can  cause  complete  remission  in  about  5 0%  of  acute 
lymphoblastic  leukemias  regardless  of  prior  therapy  (16,17*18). 
It  is  much  less  effective  against  acute  myelocytic  leuke¬ 
mia  (19).  Results  v/ith  malignant  melanoma  (20),  chronic 
granulocytic  leukemia  (18,20),  reticulum  cell  sarcoma,  lym¬ 
phosarcoma  (20),  and  a  variety  of  other  malignant  neoplasms 
have  not  been  as  promising.  Although  it  was  originally 
thought  to  be  a  relatively  non-toxic  agent,  therapy  with 
L-asparaginase  has  been  limited  by  serious  allergic  reac¬ 
tions  in  about  15%  of  the  patients.  These  have  ranged  from 
mild  urticaria  to  anaphylactic  shock  (15*20).  Other  less 
frequent  but  occasionally  severly  toxic  reactions  include 
heratotoxicity  (15»20),  abnormalities  in  clotting  func¬ 
tion  (18,19*20,21),  pancreatitis  (20).  Mild  anorexia,  nausea, 
and  vomitting  (16,17*20),  and  fever  (16,20)  have  been  noted 
in  many  patients  In  the  first  few  days  of  therapy.  Central 
nervous-system  dysfunction  (primarily  in  adults)  occurs  in 
some  patients  as  severe  depression,  confusion,  and  disori¬ 
entation  ( 20 ) . 

The  most  striking  observation  in  patients  who  respond 
is  the  lysis  of  massive  leukemic  infiltrates  in  liver  and 
spleen  as  v/ell  as  involved  nodes  within  a  few  days.  These 
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observations  gave  particular  impetus  to  the  current  stu¬ 
dies.  The  biochemical  basis  of  sensitivity  has  been  ex¬ 
tensively  investigated.  In  1956  it  was  shown  that  the 
Walker  carcinosarcoma  256  required  L-asparagine  for  growth  (22). 
Five  years  later  Haley  e_t  al.  demonstrated  a  requirement 
for  L-asparagine  by  the  L5178Y  cell  line  (23).  Further 
evidence  relating  the  biological  effects  of  L-asparaginase 
with  its  biochemical  action  came  with  the  demonstration  of 
a  correlation  between  asparagine  synthetase  activity  and 
resistance  to  L-asparaginase  treatment  in  the  63HED  lym¬ 
phoma  (7,24,25). 

One  would,  predict  that  L-asparaginase  would  be  able 
to  inhibit  protein  synthesis  by  its  depletion  of  asparagine. 

This  hypothesis  was  confirmed  by  Sobin  and  Kidd  in  1966 
using  guinea  pig  serum  (26)  and  supported  by  Mashburn  and 
Gordon  using  E.  col i  L-asparaginase  (27).  However,  the 
inhibition  of  protein  synthesis  is  not  the  sole  action  of 
the  enzyme.  It  also  has  an  inhibitory  effect  on  RNA  (28) 
and  DNA  (29)  synthesis  although  these  effects  are  rela¬ 
tively  delayed  and  may  therefore  be  secondary  to  inhibition 
of  protein  synthesis.  Hence  in  the  present  study,  cvclo- 
heximide,  a  specific  inhibitor  of  protein  synthesis,  was 
also  used  for  comparative  purposes. 


MATERIALS 


1 .  Cell  lines 

L5178Y  cells,  derived  from  a  murine  lymphoblastic 
leukemia  adapted  to  tissue  culture,  were  obtained  from 
Dr.  Glenn  A.  Fischer  (unless  otherwise  noted,  all  L5178Y 
cells  used  in  these  experiments  were  of  the  asparagine- 
dependent  strain).  P8I5Y  cells,  which  represent  a  murine 
mastocytoma,  were  obtained  from  Dr.  Malcolm  Mitchell. 

L33  cells,  which  are  atypical  lymphocytes  derived  from  a 
patient  with  infectious  monocleosis,  were  obtained  from 
Dr.  Richard  Goldsby. 

2 .  Cell  Culture  Medium 

L5178Y  and  P8I5Y  cells  were  cultured  in  Fischer's 
medium  (30)  purchased  from  Grand  Island  Biological  Co. 

To  this  was  added  10  ml  of  a  solution  containing  pene- 
cillin  (10,000  units/ml)  and  streptomycin  ( 10, 000  /jg/ml ) 
per  liter  of  medium.  The  final  pH  of  the  medium  was  ad¬ 
justed  to  about  7*0  (based  on  Phenol  Red  indicator)  with 
0.1N  hydrochloric  acid.  Immediately  before  use,  sterile 
horse  serum  (Grand  Island  Biological  Co. )  was  added  to  a 
final  concentration  of  10/6. 

L33  cells  were  cultured  in  RPM1  1640  medium,  also 
from  Grand  Island  Biological  Co.  Antibiotic  additions  and 
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pH  adjustment  were  the  same  as  above;  however,  fetal  calf 
serum,  instead  of  horse  serum,  was  added  to  a  final  concen¬ 
tration  of  10$. 

3 •  Cell  Counting 

Cells  were  counted  in  a  Coulter  Electronic  Cell 
Counter,  Model  B;  size  distribution  was  determined  with  a 
Coulter  Size  Distribution  Plotter,  Model  H.  The  aperature 
pore  size  was  100  microns.  All  cell  samples  were  diluted, 
when  necessary,  in  0.9$  saline  before  counting.  In  general 
cells  were  counted  in  duplicate  and  correction  was  applied 
for  coincidence. 

A.  Liquid  Scintillation  Counting; 

All  radioactive  samples  were  assayed  in  20  ml  of  a 
toluene  scintillation  fluid  (31)»  containing  4%  PP0  (2,5- 
d iphenyloxazole  ) ,  0.05$  P0P0P  (p-bis  [2- (  5-phenyoxazolyl  )J- 
benzene),  and  2$  Cab-0~Sil • in  a  Packard  Tri-Carb  Liquid 
Scintillation  Counter. 

5 .  Drugs 

L-Asparaginase  ( L-asparagine  amidohydrolase , 

E.C.  3. 5.1.1. )  of  Escherichia  coli  B  was  the  gift  of  Merck, 
Sharp  and  Dohme  Research  Laboratories.  Cycloheximide  (Acti 
dione)  was  obtained  from  Upjohn  Co.  All  solutions  of  these 
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drugs  were  prepared  in  0.9%  saline  immediately  before  use 
and  sterilized  by  passing  through  Swinnex-13  filter  units 
(Millipore )  of  0.22  micron  pore  size.  Neuraminidase 
(E.C.  3*2.1.18),  isolated  from  Vibrio  cholerae  Z-4  filtrate, 
was  obtained  in  sterile  ampules  of  500  l.U./ml  (1  unit  of 
enzymatic  activity  releases  1  pg  neuraminic  acid  from  an 
of -glycoprotein  substrate  in  15  minutes  at  37°  )  • 

6.  Radiochemicals 

L- valine-  C(U)  (248  mC/mM)  was  purchased  from 

14 

New  England  Nuclear.  D-glucosamine-  C(U)  hydrochloride 
(260  mC/mM)  was  purchased  from  Amersham/Searle  Corp. 


METHODS 


1 .  Cell  Cultures 

Stationary  cultures  of  L5178Y  and  P8I5Y  cells  were 
grown  in  tubes  kept  at  37° in  a  normal  air  atmosphere.  They 
were  maintained  in  logarithmic  growth  at  a  concentration  of 
about  3«5xlO')  cells/ml  by  adding  0.25  nil  aliquot  of  cell 
suspension  to  5  nil  of  fresh  medium  every  48.'1  hours  (or  a 
0.  05ml  aliquot  v/hen  stock  cultures  were  allowed  to  grow  for 
72  hours  without  changing  the  medium).  The  generation  time 
of  L5178Y  cells  ranged  from  about  9  to  11  hours,  while  that 

for  P815Y  cells  ranged  from  11  to  12  hours. 

r 

L33  cells  were  gro wn  in  tubes  in  an  atmosphere  of 
95 %  air  and  5%  CO2  at  37° in  a  Hotpoint  incubator.  Their 
slow  and  erratic  generation  time  (about  4  days)  permitted 
transfer  of  varying  aliquots  at  weekly  intervals. 

2 .  Amino  Acid  Uptake 

The  ability  of  the  cells  to  concentrate  amino  acids 
was  determined  by  a  slight  modification  of  the  method  of 
Handschumacher  and  Fischer  (32).  600  ml  of  a  cell  suspen¬ 

sion  (4.5x10^  cell/ml)  v/ere  incubated  at  37°for  four  hours 
with  or  without  L-asparaginase  (0.2  I.U./ml)  in  roller  bot¬ 
tles  (1330  cm^,  Bellco  Glass  Inc.)  while  rotating  at  5 0$ 
maximum  motor  speed.  The  cell  suspensions  v/ere  harvested 
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by  decantation  into  flasks  previously  chilled  to  4  after 
which.ithey  were  transferred  into  500  ml  polycarbonate  bot¬ 
tles  (Fischer  Scientific  Co.)  and  centrifuged  for  10  minutes 
at  3000xg  in  a  Sorvall  RC-2.  The  supernatant  medium  was 
decanted,  and  the  cells  were  transferred  in  12  ml  conical 
centrifuge  tubes  with  10  ml  of  ice  cold,  serum-free  Fischer's 
Medium  (which  contained  the  appropriate  concentration  of 
L-asparaginase  as  noted).  The  cell  suspensions  were  sedi¬ 
mented  at  1500  x  g  for  five  minutes  at  4°  The  pellets  were 
resuspended  in  fresh  ice  cold  medium  (with  or  without  as¬ 
paraginase)  to  give  a  final  cell  concentration  of  10$,  and 
4  ml  of  each  suspension  was  transferred  to  a  10  ml  Ehrlen- 
meyer  flask  to  be  preincubated  for  3  minutes  at37°with  gen¬ 
tle  shaking  in  a  Metabolyte  Bath  Shaker  (New  Brunswick  Sci¬ 
entific  Co.).  After  pre incubation  0.05  ml  of  a  solution  of 
L-valine--*-^C  (0.1  mC/ml,  248  mC/mM)  was  added  to  each  flask. 
The  contents  were  mixed  immediately  by  swirling,  and  a  small 
aliquot  of  each  mixture  was  transferred  by  capillary  pi¬ 
pette  to  fill  a  chilled  Wintrobe  hematocrit  tube  to  the 
1.0  mark.  The  stoppered  reaction  flask  was  then  put  back 
into  the  shaking  37° bath  until  it  was  time  for  the  next 
sample  to  be  taken.  The  Wintrobe  tube  was  centrifuged  in 
an  International  Clinical  Centrifuge  (Model  CL)  with  swing¬ 
ing  tube  shields  at  about  3000xg  for  5  minutes.  After  cen¬ 
trifugation  the  hematocrit  volume  fraction  was  recorded  and 
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the  supernatant  medium  withdrawn  carefully  with  a  capil¬ 
lary  pipette.  This  supernatant  fraction  represented  the 
concentration  of  the  amino  acid  in  the  medium.  The  top 
of  the  pellet  was  then  washed  3  times  with  cold  0.9 %  sa¬ 
line  by  filling  the  tube  to  overflowing  and  withdrawing 
with  a  capillary  pipette.  Care  was  exerted  not  to  disturb 
the  cell  pack.  After  the  third  saline  wash,  ice  cold  5% 
trichloroacetic  acid  was  added  to  the  1.0  mark  of  each  tube 
and  the  contents  stirred  at  a  slow  speed  by  a  stainless 
steel  wire  kinked  throughout  its  length  and  connected  to  a 
stirring  motor  to  suspend  the  pellet  of  cells.  The  sus¬ 
pensions  were  centrifuged  as  before  and  the  supernatant 
fluid  carefully  withdrawn  by  a  capillary  pipette  for  ana¬ 
lysis  as  the  acid-soluble  fraction.  The  pellet  was  washed 
3  times  with  ice  cold  5$  trichloroacetic  acid  by  resus¬ 
pending  with  the  motor-driven  wire  and  recentrifuged  as  be¬ 
fore.  After  the  third  trichloroacetic  acid  wash  was  with¬ 
drawn  from  the  tube,  1 . ON  sodium  hydroxide  was  added  to  the 
1.0  mark  and  the  pellet  dissolved  by  stirring  with  the  mo¬ 
tor-driven  wire.  This  solution  constituted  the  acid- insolu¬ 
ble^  fraction  .  An  0.2  ml  portion  of  each  fraction  was  as¬ 
sayed  for  radioactivity.  The  concentration  of  amino  acid 
by  the  cells  was  calculated  by  the  following  formulae  ( 32 ) : 


-r 


-11- 


conc.  in  ac  id -sol  uble  fracn.  =  drug;  cone,  in  cell  pack 
cone,  in  medium  x  hematocrit  drug  cone,  in  medium 

The  formula  was  modified  to  correct  for  water  diffusion 
from  the  top  of  the  cell  pack  during  washes  (1/3H20  ratio) 
and  for  the  part  of  the  cell  pack  represented  by  inter¬ 
stitial  space  (Inulin  ratio  =  inulin  space/^l^O  ratio). 
These  quantities  had  been  determined  and  for  the  purpose  of 
these  experiments  were  given  the  following  values: 

3H2O  ratio  =  1.0 
Inulin  ratio  =  0.30 

The  corrected  formula  was  thus  expressed  as  follows: 


=  cone,  of  drug  in  cells 
cone .  of  drug  i n  medi um 


cone,  in  cell  pack 
cone,  in  medium 


i/3h2o 


ratio  - 


(l  -  Inulin  ratio) 


Inulin 

ratio 


3 •  Dialyzed  serum 

When  dialyzed  serum  v/as  needed,  100  ml  of  Fisher*  s 
horse  serum  was  dialyzed  against  1.0  L.  of  sterile  saline 

o 

at  4  for  12  hours  with  3  changes  of  dialysate.  The  dia¬ 
lyzed  serum  was  passed  through  a  sterile  Nalgene  Filter 
Unit  (Sybron  Corp. )  containing  a  plain  membrane  with  a 
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0.20  micron  pore  size  into  sterile  bottles. 

4 .  Measurement  of  Protein  Synthesis 

When  a  radioactive  amino  acid  was  used  to  measure 
protein  synthesis  in  experiments  other  than  the  amino  acid 
uptake  analysis,  the  following  procedure  was  used.  Cell 
suspensions,  after  incubation  with  a  radioactive  amino 
acid  for  an  appropriate  period  of  time,  were  chilled  and 
filtered  on  membrane  filters  (Millipore,  GSWP  02500)*  The 
filters  v/ere  washed  one  time  with  5  nil  of  ice  cold  normal 
saline  and  then  3  times  with  about  2  ml  of  ice  cold  normal 
saline.  The  vacuum  was  released,  and  2  ml  of  ice  cold  10% 
trichloroacetic  acid  was  allowed  to  sit  on  top  of  the  fil¬ 
ters  for  2  minutes.  The  vacuum  was  then  restored  and  the 
filters  washed  5  times  v/ith  about  1  ml  of  ice  cold  5%  tri¬ 
chloroacetic  acid.  The  filters  v/ere  then  placed  in  a  glass 
vial  and  assayed  for  radioactivity  as  described  above. 

5 •  Trvoan  Blue  Experiments 

In  experiments  in  which  Trypan  Blue  was  used  as  a 
measure  of  membrane  integrity,  a  0.4 %  filtered  solution  of 
the  dye  in  0.9%  saline  was  utilized.  One  half  ml  of  the 
appropriate  cell  suspension  was  added  to  0.1  ml  of  the  Try¬ 
pan  Blue  solution  and  the  suspensions  mixed  by  agitation. 
The  samples  were  allowed  to  stand  for  at  least  5 


minutes 
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(but  not  more  than  15  minutes),  and  the  per  cent  stained  cells 
was  determined  with  a  hemocytometer . 

6 .  Release  of  Sialic  Acid  by  Neuraminidase 

Logarithmically  growing  cells  were  incubated  at 
37°  for  9  hours  withD-glucosamine--* -^C  (U  )  hydrochloride 
(260mC/mM)  at  a  final  dilution  of  1  pC/ml  medium  (This  gave 
a  total  of  1.3x10?  cpm  added  to  each  tube).  At  the  end  of 
the  incubation  time,  the  cells  were  counted  in  a  Coulter 
counter  and  sedimented  at  3?°at  600xg  for  5  minutes  in  a 
GLC-1  centrifuge  (Sorvall).  The  cells  were  washed  once  with 
5  ml  of  fresh  medium  containing  100  ;ag/ml  of  non-radioactive 
D-glucosamine  and  then  resuspended  in  10  ml  of  this  same 
glucosamine-containing  medium.  After  14  hours  the  cells 
were  centrifuged  as  above,  resuspended  in  10  ml  of  fresh 
medium  which  contained  no  D-glucosamine.  The  following  ad¬ 
ditions  v/ere  made  to  appropriate  tubes:  saline,  L-aspara- 
ginase  (0.2  I.U./ml),  neuraminidase  (25  I.U./ml),  or  neura¬ 
minidase  plus  asparaginase  (at  the  same  respective  con¬ 
centrations  as  above).  After  3  hours  exposure  to  the  va¬ 
rious  conditions,  the  cells  were  counted  and  centrifuged, 
and  a  0.2  ml  aliquot  of  medium  removed  for  assay  of  radio¬ 
activity.  The  cells  were  then  resuspended  and  incubated 
for  another  1^  hours  after  which  the  previous  step  was  re¬ 
peated.  Hov/ever,  instead  of  resuspending  the  cell  pellets, 
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the  medium  was  decanted  and  the  cell  pellets  were  washed 

2  times  with  5  ml  of  ice  cold  0.9%  saline.  Then  1  ml 
of  ice  cold  15%  trichloroacetic  acid  was  added  to  each 
tube.  After  3  minutes  at  0^  the  samples  were  centrifuged 
for  5  minutes  at  3°00xg  in  an  International  Clinical  Cen¬ 
trifuge,  and  0.2  ml  of  each  supernatant  fluid  was  saved 
for  assay  of  radioactivity  ( ac id- insoluble  fraction).  The 
pellets  were  washed  2  times  with  ice  cold  15%  trichloro¬ 
acetic  acid  and  then  resuspended  in  0.5  ml  of  1.0N  sodium 

o 

hydroxide.  After  2  hours  at  3 ?>  0»2  ml  of  the  resulting 
solution  was  assayed  for  radioactivity  ( ac id- insoluble 
fraction ) . 

7 •  Electron  Microscopy 

Samples  were  prepared  for  electron  microscopy  in 
the  following  manner:  Cell  suspensions  were  centrifuged 
in  40  ml  conical  centrifuge  tubes  at  4  for  5  minutes  at 
480xg  in  an  RC-2  centrifuge  (Sorvall).  Pellets  were 
washed  one  time  with  fresh  cold  serum-free  medium.  The 
pellets  were  then  transferred  into  4  ml  test  tubes  with 

3  ml  of  0.1M  sodium  cacodylate  buffer  (containing  4.5M 
sucrose),  pH  7.4.  At  this  time  a  sample  of  cell  suspension 
was  counted  in  the  Coulter  counter  to  determine  the  total 
number  of  cells  per  pellet.  The  suspensions  were  sedi¬ 
mented  at  4  for  5  minutes  at  500xg  and  the  supernatant  fluid 
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discarded.  The  intact  pellet  w as  allowed  to  sit  under 
cacodylate  buffer,  containing  2.5%  glutaraldehyde ,  for 
45  minutes.  The  glutaraldehyde  solution  was  decanted  and 
the  pellet  washed  one  time  v/ith  fresh  cacodylate  buffer. 

(At  this  stage  the  pellet  was  of  such  a  consistency  that 
washing  required  merely  the  addition  and  subsequent  decan¬ 
tation  of  the  wash  fluid  without  any  centrfugation ) .  The 
samples  were  stained  with  cacodylate  buffer  containing  1% 
osmium  tetroxide  for  1  hour  and  dehydrated  and  embedded  as 
follows : 

1.  wash  one  time  v/ith  cacodylate  buffer. 

2.  add  50%  ethanol.  Let  stand  10  minutes  and  decant. 

3.  repeat  step  2.  v/ith  75,  85,  and  then  95%  ethanol. 

4.  add  100%  ethanol.  Let  stand  30  minutes  and  decant. 

5.  repeat  step  4.  two  times. 

6.  add  propylene  oxide.  Let  stand  30  minutes  and  decant. 

7.  repeat  step  6. 

8.  add  1*1  mixture  of  Vestopal'*  (Henley  &  Co.)  and 

propylene  oxide.  Let  stand  1  hour  and  decant. 

9.  add  100%  Vestopal-*  and  let  stand  overnight  or  lon- 

ger  at  4. 

10.  decant  old  Vestopal,  add  fresh  Vestopal,  trans¬ 
fer  into  gelatin  capsules  (Eli  Lilly),  and  al¬ 
low  to  stand  as  follows* 


a.  at  room  temperature  for  2  hours 


■i- 
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i  0 

b.  40  overnight 

c.  60°  for  2  to  3  days 

After  the  plastic  had  fully  polymerized,  sections  of  about  800A 
thickness  were  cut  on  a  Porter  Blum  MT2  microtome  (Sorvall). 

The  sections  were  trapped  on  Athene-type  copper  grids  and 
then  carefully  placed  on  the  surface  of  a  saturated  solu¬ 
tion  of  uranyl  acetate  overnight.  The  sections  were  then 
washed  10  times  in  each  of  3  serially  placed  beakers  of 
distilled  water  by  dunking  the  grids  with  forceps  and  were 
then  allowed  to  dry.  The  grids  were  placed  (section-side 
facing  do v/n)  onto  droplets  of  lead  acetate  for  2  minutes  and 
were  washed  as  described  above.  Sections  were  viewed  on  a 
Zeiss  EM  9A  electron  microscope.  Photographs  were  developed 
on  either  Kodachrome  F  paper  or  Brovira  (AGFA-Gevaert )  paper 
using  a  Durst  Laborator  138  enla.rger. 

*-Vestopal  plastic  prepared  as  follows: 

1.  To  100%  of  Vestopal  was  added  1  ml  of 

"initiator4  (Mart  in- Jaeger  Co.,  Geneva,  Sv/itz  . ) 

with  stirring. 

2.  An  additional  10  minutes  of  stirring  was  allowed. 

3.  1  ml  of  "activator"  (Martin- Jaeger  Co.)  was 

added  with  stirring 

4.  Stirring  v/as  continued  for  at  least  10  minutes. 


RESULTS 


1 .  Destruction  of  L5178Y  Cells  by  L-Asparagina.se 

L-asparaginase  was  incubated  with  L5178Y  cells  to 
to  observe  the  effect  depletion  of  asparagine  by  this  a- 
gent  would  have  on  the  growth  of  these  cells.  As  can  be 
seen  from  Fig.  1,  the  cells  not  only  stopped  growing  in 
the  presence  of  asparaginase,  but  rapidly  decreased  in  num¬ 
ber  after  4  hours  exposure.  This  suggests  actual  cell  ly¬ 
sis  and  not  just  the  cessation  of  growth.  It  has  also  been 
shown  that  the  mere  depletion  of  asparagine  from  the  me¬ 
dium  of  these  cells  will  give  the  same  rate  of  cell  lysis  (2 

2 .  Effect  of  Cvcloheximide  on  L5178Y  and  P8I5Y  Cells 

If  asparaginase  were  acting  on  the  L5178Y  cells  by 
interfering  with  the  synthesis  of  protein,  one  would  expect 
a  similar  result  with  the  L5178Y  cells  exposed  to  an  agent 
which  blocked  protein  synthesis  in  another  manner.  Thus, 
an  experiment  was  performed  in  which  L5I78Y  cells  were  in¬ 
cubated  with  cyclohex imide ,  a  well-established  inhibitor  of 
■protein  synthesis.  In  addition,  cultures  of  P815Y  cells 
were  exposed  to  the  drug  to  compare  the  rate  of  destruction 
of  the  two  cell  types.  From  Fig.  2  it  is  apparent  that  the 
number  of  L5I78Y  cells  is  decreasing  when  exposed  to 
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DESTRUCTION  OF  L5178Y  CELLS  BY  L-ASPARAGINASE 


Fig.  1.  Exponentially  growing  L5178Y  cells  were 
incubated  in  the  presence  of  L-asparaginase  (0.2  I.U./ml) 
or  sterile  saline  at  37°  Samples  from  duplicate  cell 
suspensions  were  counted  in  a  Coulter  counter  at 
appropriate  intervals. 
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EFFECT  OF  CYCLOHEXIMIDE  ON 
L5178Y  AND  P815Y  CELLS 


L5I76Y 


HOURS 


HOURS 


Fig.  2.  Exponentially  grov/ing  L5I78Y  and  P8I5Y 
cells  were  incubated  at  37° In  the  presence  of  varying 
concentrations  of  cycloheximide .  Duplicate  samples 
were  counted  in  a  Coulter  counter  at  appropriate 
intervals . 


•v 
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cycloheximide  for  four  hours,  while  the  P815Y  cells,  al¬ 
though  not  growing,  remained  constant  in  number,  even 

after  six  hours.  In  fact,  in  an  extension  of  this  experi¬ 
ment,  the  number  of  P8I5Y  cells  remained  constant  after 
12  hours  exposure  to  the  drug.  Thus  it  has  been  shown 
that  the  lysis  of  151?8Y  cells  occurred  at  the  same  rate 
whether  asparaginase  or  cycloheximide  be  used  as  the  inhi¬ 
bitor  of  protein  synthesis.  Another  interesting  observa¬ 
tion  from  Fig.  2  is  that  although  increasing  doses  of  cyclo¬ 
heximide  show  a  greater  degree  of  cell  destruction,  they 
do  not  have  any  effect  on  the  time  of  onset  of  the  phenome¬ 
non,  thus  suggesting  a  series  of  events  that  must  occur  be¬ 
fore  the  cells  begin  to  disintegrate. 

3 •  Effect  of  Cycloheximide  on  Protein  Synthesis  in  L5178Y 

and  P815Y  Cells 

The  fact  that  cycloheximide  causes  early  destruc¬ 
tion  of  L5I78Y  cells  and  not  P815Y  cells  could,  however, 
be  caused  by  a  more  effective  inhibition  of  protein  syn¬ 
thesis  in  the  sensitive  cells  at  this  concentration  of 
inhibitor.  To  rule  out  this  possibility,  an  experiment 
was  performed  which  measured  the  incorporation  of  L-valine-^C 
into  ac id- insoluble  material  in  both  cell  lines  in  the  pre¬ 
sence  and  absence  of  cycloheximide.  As  can  be  seen  from 
Fig.  ^  10  )\ g/ m 1  of  cycloheximide  stopped  protein  synthesis 


*. 
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EFFECT  OF  CYCLOHEXIMIDE  ON  THE  INCORPORATION 
OF  L- VALINE  -,4C  INTO  ACID-INSOLUBLE 
EXTRACTS  OF  L517SY  AND  P815Y  CELLS 
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Fig.  3.  Cycloheximide  (lOpg/ml)  was  added  to  one  half 
of  each  set  of  L51?8Y  or  P815Y  cells  growing  exponentially 
at  3?°*  Immediately  thereafter  O.lpC/ml  of  L-valine-^4C 
(248mG/mM)  was  added  to  each  tube.  At  appropriate  in¬ 
tervals  samples  were  assayed  for  incorporation  of  radio¬ 
activity  into  ac id- insoluble  material  as  described 
in  METHODS. 

IS  L5I78V,  Control 

R3  b- 5  1  7  8  Y(  +■  C  y  c.  lo  h  e.x  irni  <de. 

^2  P  8  l  5  Control 

1^3  +-  CycloKC-'ximldie. 
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more  than  75 °7°  in  both  cell  lines  2  hours  after  addition. 

Thus,  the  different  reactions  of  the  cell  lines  to  the 
drug  are  not  attributable  to  a  preferential  inhibition  of 
protein  synthesis  in  the  sensitive  cell  line. 

4 .  Comparison  of  Effect  of  Cycloheximide  on  Asn~  and  As n+ 

-  Strains  of  L5178Y  Cells 

In  addition  to  the  asparagine-dependent  line  (Asn~) 
of  L5178Y  cells,  there  also  exists  an  asparagine- independent 
line  (Asn+).  It  was  of  interest,  therefore,  to  see  if  both 
sublines  reacted  similarly  to  inhibition  of  protein  synthe¬ 
sis.  Both  strains  were  incubated  with  cycloheximide,  and 
the  respective  rates  of  cell  destruction  compared.  It  is 
apparent  from  Fig.  4  that  the  two  strains  of  L.5178Y  cells 
reacted  in  an  identical  fashion  to  cycloheximide,  with  cell 
destruction  beginning  at  about  4  hours  and  continuing  at 
6  hours. 

5 .  Effect  of  Cycloheximide  on  L33  Cells 

In  an  attempt  to  further  evaluate  the  predisposition 
of  lymphocytes  to  rapid  destruction  after  inhibition  of 
protein  synthesis,  another  cell  line,  L33  cells,  was  stu¬ 
died.  These  cells,  atypical  lymphocytes  derived  from  a 
case  of  infectious  mononucleosis,  were  incubated  with  cyclo¬ 
heximide  under  the  same  conditions  as  the  L5I78Y  cells  except 
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EFFECT  CF  CYCLCHEXS.VilDE  CM  ASN 


AND  ASN  -STRAINS  OF  L5178Y  CELLS 
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Fig.  4.  Cycloheximide  (lOpg/ml)  was  added  to  one  half 
of  each  set  of  L5178Y  cells  (Asn+  or  Asn")  growing 
exponentially  at  37°.  Cell  numbers  were  determined  from 
duplicate  samples  of  each  set  of  cells  on  a  Coulter 
counter  at  appropriate  intervals. 
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that  they  were  maintained  in  an  atmosphere  of  5°/°  CO2  and 
95%°  room  air.  Fig.  5  demonstrates  that  cycloheximide  did 
not  completely  stop  cell  growth  until  after  two  days  of 
treatment  although  growth  was  inhibited  to  some  extent.  In 
addition,  even  after  three  weeks  exposure  to  the  drug,  the 
cells  did  not  disintegrate.  The  reasons  for  this  are  not 
known.  However,  it  should  be  pointed  out  that  it  is  dif¬ 
ficult  to  make  comparisons  between  two  cell  lines  with 
grossly  different  generation  times;  i.e.  about  10  hours  for 
L5178Y  cells  and  about  96  hours  for  L33  cells.  Another 
possibility  is  that  cycloheximide  might  have  lost  some  of 

O 

its  activity  during  the  long  incubation  period  at  37* 

6 .  Effect  of  L-Asoara^inase  on  P815Y  Cells 

Although  the  P8I5Y  cell  line  has  considerable  as¬ 
paragine  synthetase  activity  and  is  asparagine- independent  (33)» 
a  possible  alternative  mechanism  of  cell  damage  by  aspa¬ 
raginase  was  examined.  Asparaginase  did  stop  the  growth  of 
P8I5Y  cells  after  2  hours  as  is  demonstrated  in  Fig.  6.  How¬ 
ever,  the  cell  number  did  not  decrease  despite  9  hours  ex¬ 
posure  to  the  drug. 

Thus  it  was  decided  to  test  the  growth  of  this  par¬ 
ticular  P8I5Y  cell  line  in  the  absence  of  asparagine  to 
S3e  if  it  was  the  depletion  of  this  amino  acid  which  inhi¬ 
bited  the  growth  of  these  cells  when  they  were  exposed  to 
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EFFECT  OF  CYCLOHEXIMIDE  ON  L33  CELLS 


DAYS 


Pig*  5*  To  one  half  of  a  set  of  L33  cultures  in 
RFMI  1640  Medium  (growing  at  37° in  an  atmosphere  of 
95%  air/5%  C02^  was  added  evcloheximide  at  varying 
concentrations •  Cell  numbers  were  determined  from 
duplicate  sarnp3.es  on  a  Coulter  counter  at  appropriate 
intervals . 
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EFFECT  OF  L-ASPARAGINASE  ON  P815Y  CELLS 


Fig.  6.  One  half  of  a  set  of  cultures  of  exponentially 
growing  P815Y  cells  was  incubated  with  L-asparaginase 
(0.2  I.U./ml)  at  37°.  Cell  numbers  from  duplicate 
samples  was  determined  in  a  Coulter  counter  at  approp¬ 
riate  intervals. 
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asparaginase.  One  half  of  the  samples  were  incubated  in 
medium  containing  serum  which  was  dialyzed  to  remove  free 
asparagine.  The  results  in  Fig.  7  show  that  although  the 
cells  grown  in  medium  containing  regular  horse  serum  grew 
slightly  better  than  those  in  medium  containing  dialyzed 
serum,  in  neither  case  did  the  lack  of  asparagine  impair 
growth.  Hence  the  depletion  of  asparagine  is  probably 
not  a  factor  in  the  action  of  asparaginase  on  P8I5Y  cells. 

7 .  Glutamine  Rescue  of  P8I5Y  Cells  Exposed  to  Asparaginase 

The  specificity  of  L-asparaginase  for  L-asparagine 
is  not  absolute.  The  enzyme  has  been  shov/n  to  hydrolyze 
glutamine  at  about  y/o  the  rate  observed  with  asparagine  (34). 
Thus  asparaginase  may  inhibit  the  growth  of  P8I5Y  cells  by 
depleting  their  external  supply  of  glutamine.  This  point 
v/as  investigated  in  an  experiment  in  which  cultures  of 
P8I5Y  cells  exposed  to  asparaginase  were  supplemented  with 
glutamine  at  periodic  intervals.  The  results  in  Fig.  8  in¬ 
dicate  that  glutamine  added  to  P8I5Y  cells  exposed  to  as¬ 
paraginase  greatly  reduced  the  growth  inhibitory  effects 
of  the  enzyme.  Asparaginase-trea-ted  cultures  to  which 
glutamine  had  been  added  after  5  or  12  hours  stopped  grow¬ 
ing  after  48  hours  probably  because  the  added  glutamine 
was  hydrolyzed  be  the  asparaginase  which  was  still  pre¬ 
sent  in  the  medium.  In  fact,  it  should  have  taken  21  hours 
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GROWTH  OF  P315Y  CELLS  WITH  OR  WITHOUT  ASPARAGINE 


HOURS 

Fig«  7.  Exponentially  growing  P815Y  Cells  were  removed 
from  their  growth  medium  by  sedimentation  at  37°  at  600xg 
for  5  minutes,  washed  one  time  with  3  ml  of  fresh  medium 
lacking  asparagine  and  serum,  and  then  resuspended  in  as¬ 
paragine-free  medium  containing  either  regular  or  dialyzed 
horse  serum*  To  one  half  of  the  tubes  in  each  set  of  cultures 
was  added  a  sterile  solution  of  L-asparagine  to  give  a  final 
concentration  of  ICtyig/ml.  Cell  number  was  determined  at 
appropriate  intervals.  .  . 


CELLS  /ml 


-29- 


GLUTAMINE  RESCUE  OF  P8I5Y  CELLS 
EXPOSED  TO  L-ASPARAGINASE 
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Fig.  8.  Exponentially  growing  P815Y  cells  were  incubated  at 
37° in  the  presence  of  L-asparaginase  (0.2  or  0.4  I.U./ml).  At 
various  intervals,  a  sterile  solution  of  glutamine  giving  a 
final  concentration  of  2  mg/ml  was  added  to  one  half  of  the 
tubes  containing  the  lower  dose  of  L-asparaginase.  In  addi- 
•tion  glutamine  was  added  to  some  of  the  control  tubes  at  the 
same  concentration  as  above  at  zero  time.  Cell  number  was 
determined  at  appropriate  intervals  from  duplicate  sampleso 
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for  asparaginase  to  completely  hydrolyze  all  the  added 
glutamine.  It  is  evident  that  cell  growth  stopped  after 
24  hours  when  the  cells  were  exposed  to  0.2  I.U./ml  of 
asparaginase;  twice  as  much  enzyme  halved  the  time  re¬ 
quired  to  completely  stop  cell  growth.  It  can  also  be 
seen  from  Fig.  8  that  the  amount  of  glutamine  added  to 
the  cells  did  not,  by  itself,  affect  their  growth. 

8 .  Arginine  Depletion  of  L5178Y  and  P8I5Y  Cells 

Although  it  is  apparent  the  depletion  of  aspara¬ 
gine  from  the  medium  of  asparagine-dependent  L51?8Y  cells 
results  in  a  rapid  destruction  of  the  cells,  the  question 
still  remained  whether  the  same  phenomenon  can  be  observed 
when  other  amino  acids  essential  for  the  growth  of  these 
cells  are  removed  from  the  medium,  or  if  the  event  is  just 
specific  for  asparagine  depletion.  An  experiment  was  per¬ 
formed  in  which  L5178Y  cells  were  incubated  in  a  medium 
which  contained  all  essential  ingredients  except  one  amino 
acid.  Since  the  cells  apparently  do  not  grow  well  in  the 
presence  of  a  limiting  amount  of  arginine  (35)»  it  was  de¬ 
cided  to  omit  this  amino  acid  from  the  medium.  Again  di¬ 
alyzed  serum  was  used  in  one  half  of  the  samples  to  ensure 
complete  removal  of  arginine  from  the  medium.  An  identi¬ 
cal  experiment  was  performed  on  P8I5Y  cells  for  compari¬ 


son. 


The  results  in  Fig.  9  shov/  that  although  the  de¬ 
pletion  of  arginine  from  the  medium  of  L5178Y  cells  and 
P815Y  cells  stopped  their  growth  within  one  hour,  early  de¬ 
struction  of  the  cells  as  evidenced  by  a  decreasing  cell 
number,  was  seen  only  in  the  L5I78Y  cell  line.  In  fact, 
this  lysis  w as  begun  after  four  hours  of  incubation  in 
the  arginine-deficient  medium,  a  time  interval  similar  to 
that  seen  with  the  depletion  of  asparagine.  However,  when 
both  cell  lines  were  gro wn  in  a  medium  which  lacked  argi¬ 
nine  but  contained  regular,  non-dialyzed  horse  serum,  they 
grew  just  as  well  as  their  respective  controls.  This  im¬ 
plies  that  the  horse  serum  contained  enough  free  arginine 
to  support  the  growth  of  these  cells. 

9 .  Effect  of  L- asparaginase  on  L5178Y  Cell  Size 

Although  the  L5178Y  cells  never  showed  a  decrease 
in  cell  number  before  4  hours  of  incubation  with  aspara¬ 
ginase,  an  attempt  was  made  to  see  if  the  drug  had  caused 
changes  in  size  before  this  time,  assuming  the  cells  were 
undergoing  metabolic  changes  at  this  time.  Thus,  in  ad¬ 
dition  to  determining  cell  number,  cell  size  was  esti¬ 
mated  by  simultaneously  recording  the  size  profiles  on  a 
Coulter  plotter.  As  can  be  seen  in  Fig.  10,  the  size  pro¬ 
files  of  treated  cells  did  not  differ  from  those  of  controls 
until  4  hours,  the  critical  time  at  which  the  cell  number 
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RELATIVE  CELL  NO. 


SIZE  DISTRIBUTION  PATTERNS  OF 
L5178Y  CELLS  EXPOSED  TO  L- ASPARAGINASE 


WINDOW 


Fig.  10.  Exponentially  growing  L.5178Y  cells  were  incubated 
at  37° with  or  without  L-asparaginase  (0.1  I.U./ml).  Cell 
size  distribution  was  determined  on  duplicate  samples  at 
the  indicated  intervals  on  a  Coulter  Size  Distribution  ■ 
Plotter,  Model  H. 
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started  to  decrease.  The  plots  of  the  treated  cells  at 
this  time  reveal  a  shift  to  the  lower  window  numbers,  re¬ 
presenting  an  accumulation  of  much  smaller  material,  pro¬ 
bably  cellular  debris. 

1 0 .  Effect  of  Cyclohexim.i  de  on  L5178Y  Cell  Size 

When  cycloheximide  was  used  to  induce  cell  destruc¬ 
tion,  the  same  results  with  respect  to  cell  size  distri¬ 
bution  (Fig.  11)  were  obtained  as  those  seen  with  aspa¬ 
raginase;  that  is,  there  was  no  change  in  the  profile 
until  4  hours,  after  which  the  cells  started  to  fragment. 

1 1 .  Effect  of  L-asnaraainase  on  L517BY  Cells  at  0° 

In  an  attempt  to  see  if  the  action  of  L-aspara- 
ginase  on  L51?8Y  cells  was  dependent  upon  cellular  meta¬ 
bolism,  an  experiment  was  performed  in  which  these  cells 

O 

were  exposed  to  the  drug  at  0.  Cell  number  and  cell  size 
were  determined  at  various  intervals.  As  can  be  seen 
from  Fig.  12,  both  asparaginase- treated  and  control  cells 
stopped  growing  soon  after  immersion  in  the  ice  bath  and 
remained  at  a  constant,  number  for  at  least  24  hours  (after 
which  there  was  only  a  slight  decrease  in  cell  number). 

The  results  in  Fig.  13  show  that  at  0° L-asparaginase  had 
no  effect  on  the  cell  size  distribution  plots,  even  after 
34  hours  exposure.  Assuming  a  Q^q  of  about  two  (36)  for 


RELATIVE  CELL  NO. 
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SIZE  DISTRIBUTION  PATTERNS  OF 
L5I78Y  CELLS  EXPOSED  TO  CYCLOHEXIM IDE 


1  5  9 


WIN 


Fig.  11.  Exponentially  growing  L51?8Y  cells  were 
exoosed  to  cycloheximide  (5>*g/ml)  37°*  Cell  size 

plotting  was  performed  on  duplicate  samples  at  the 
indicated  intervals. 


CELLS/mi  (*io 
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effect  OF  L-ASPARAGINASE  ON  CELL  NUMBER  OF 
L5178Y  CELLS  AT  0° 


Fig.  12.  Exponentially  growing  L5178Y  cells  were  placed 
in  a  water  bath  at  0° after  a  30  minute  ore  incubation  with 
L-asparaginase  (0.2  I.U./ml)  at  37°  Cell  number  was  de¬ 
termined  on  duplicate  samples  on  a  Coulter  counter  at 
appropriate  intervals.  control 

0—0  +  asparaginase 


RELATIVE  CELL  No.  RELATIVE  CELL  NO. 
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EFFECT  OF  L-ASPARAGINASE  ON  CELL  SIZE 
OF  L5178Y  CELLS  AT  0*  * 


Fig.  13.  Size  distribution  plots  of  cells  treated  with 
or  without  L-asparaginase  as  in  Fig.  12. 

^Control  and  treated  cells  had  identical  distribution 
patterns  at  each  time  period  indicated. 


-38- 


asparaginase,  the  enzyme  should  easily  have  depleted  the 
external  source  of  asparagine  within  10  minutes.  Hence  its 
failure  to  produce  cell  destruction  was  probably  not  the 
result  of  an  inability  to  hydrolyze  asparagine,  but  is 
more  likely  related  to  the  fact  that  cellular  metabolism 
was  markedly  reduced. 

On  the  basis  of  changes  in  cell  number  and  cell 
size,  it  appears,  therefore,  that  the  lytic  event  in 
L5178Y  cells  whose  protein  synthesis  has  been  inhibited 
is  a  very  sudden  process.  Although  the  cells  do  not  in¬ 
crease  in  number  for  4  hours  following  inhibition  of  pro¬ 
tein  synthesis,  they  maintain  their  normal  size  and  then 
undergo  rapid  disintegration.  This  phenomenon  suggests 
that  there  might  be  some  process  which  affects  the  cell 
membrane  in  such  a  way  as  to  alter  its  strength  or  permea¬ 
bility,  resulting  in  a  rapid  release  of  cell  contents  and 
fragmentation  of  the  cell.  These  results  suggested  a 
series  of  experiments  designed  to  reveal  changes  in  the 
functional  or  structural  nature  of  the  cell  membrane. 

1 2 .  Uptake  of  L-valine  by  L5178Y  Cells  Exposed  to  Asparaginase 

It  has  been  shown  (3?)  that  cells  with  functionally 
intact  cell  membranes  can  concentrate  amino  acids  from  the 
external  medium.  The  effect  of  asparaginase  on  this  pro- 
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cess  in  sensitive  cells  was  evaluated.  L5178Y  cells  ex¬ 
posed  to  asparaginase  were  analyzed  for  their  ability  to 
concentrate  L-valine-^C  from  the  external  medium  and  sub¬ 
sequently  incorporate  it  into  protein.  Cells  were  incu¬ 
bated  with  the  radioactive  amino  acid  for  only  10  minutes 
because  at  the  high  cell  concentration  used  in  this  experi¬ 
ment  (a  10 %  cell  suspension),  the  pH  of  the  medium  decreased 
to  less  than  6.0  after  fifteen  minutes  ,  and  by  twenty 
minutes  incorporation  of  isotope  into  the  ac id- insoluble 
fraction  was  no  longer  linear. 

The  results  in  Table  1  show  no  signifigant  difference 
in  the  concentrating  ability  of  the  cells  exposed  to  as¬ 
paraginase  f or  4  hours  as  compared  to  controls.  The  pos¬ 
sibility  that  the  asparaginase  was  not  working  was  elimi¬ 
nated  by  the  results  in  Fig  14 ,  which  show  that  under  these 
conditions  the  enzyme  had  markedly  depressed  protein  syn¬ 
thesis.  However,  since  the  enzyme  did  not  completely  stop 
protein  synthesis,  the  possibility  that  the  cell's  con¬ 
centrating  mechanism  will  be  shut  off  when  total  protein 
synthesis  is  stopped  cannot  be  discounted. 

1 3 •  Trypan  Blue  Staining  of  L5178Y  Cells 

-  Another  method  of  measuring  early  cell  destruction 
is  the  cellular  uptake  of  the  dye,  Trypan  blue.  Pappen- 
heimer  (38)  found  that  lymphocytes  damaged  in  a  variety  of 
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Table  1 


Effect  of  L-Asparaginase  on  the  Uptake  of  L-Valine-^^C  by 


Time 

L5178Y  Cells 

Sanrnle 

Concentration  in  cells 

Concentration  in  medium 

' 

Control 

0.43 

0 

+  Asparaginase 

O.58 

Control 

2.15 

5  minutes 

+  Asparaginase 

2.09 

Control 

2.30 

10  minutes 

+  Asparaginase 

2.00 

L5178Y  cells  were  grown  at  37°  for  4  hours  in  roller  bottles 
(see  Methods)  with  or  without  L-asparaginase  (0.2  I.U./rnl). 
The  cells  were  harvested;  the  cell/medium  concentration 
ratio  of  L- valine  was  determined  as  described  in  Methods. 


CPM/.09  HEMATOCRIT 
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EFFECT  OF  L-.AS PA R A G I N AS E  ON  PROTEIN 
SYNTHESIS  IN  L5173Y  CELLS 


Fig.  14.  Exponentially  growing  L5178Y  cells  were 
treated  with  L— asparaginase  as  indicated' in  Table  1  and 
were  assayed  for  incorporation  of  L-valine-  .C  into 
ac id- insoluble  material  as  described  in  METHODS,  under 
Amino  Acid  UDtake. 
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ways  appeared  to  be  permeable  to  trypan  blue  to  a  much 
greater  extent  than  untreated  cells.  Since  that  time, 
trypan  blue  uptake  has  become  a  common  tool  in  the  evalu¬ 
ation  of  cell  viability  but  is  subject  to  considerable 
criticism.  However,  this  technique  provided  a  useful 
measure  of  the  effect  of  asparaginase  on  the  permeability 
of  the  L5178Y  cell  membrane.  In  this  experiment,  cells 
were  treated  with  asparaginase,  and  at  appropriate  inter¬ 
vals  samples  were  removed.  Cell  number,  cell  size  profile, 
and  trypan  blue  uptake  were  determined. 

As  can  be  seen  in  Fig.  15>  the  percentage  of  cells 
containing  trypan  blue  was  the  same  for  both  untreated 
and  asparaginase- treated  cells  up  to  4  hours.  However,  at 
6  hours,  while  the  percent  of  stained  cells  remained  con¬ 
stant  for  the  controls,  the  asparaginase- treated  cells 
showed  a  signifigant  increase  in  trypan  blue  uptake.  This 
difference  was  further  magnified  after  9  hours  exposure  to 
the  drug.  The  graph  representing  cell  number  and  the  plots 
of  size  distribution  (not  shown  here)  also  showed  the 
characteristic  manifestations  of  cell  destruction  starting 
at  6  hours.  Hence,  even  v/ith  trypan  blue  as  a  monitor,  the 
lysis  of  L51?8Y  cells  appears  to  be  preceded  by  a  period 
of  normal  permeability  to  trypan  blue. 
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EFFECT 


OF  L- AS  PA  RAG  S  N  ABE  ON  TRYPAN  BLUE 
UPTAKE  BY  L5178Y  CELLS 


HOURS 


Fig.  15 •  Exponentially  growing  L51?8Y  cells  were 
incubated  with  L-asparaginase  (0,2  I.U./ml)  at  37°* 
appropriate  intervals  samples  iron  duel icate  tubes 
were  removed  to  determine  the  extent  of  Trypan  Blue 
uptake  as  described  in  METHODS. 


At 
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14.  Effect  of  L-Asparayinase  on  Sialic  Acid  Content  of  the 

External  Surface  of  the  L51?8Y  Cell  Membrane 

One  hypothesis  concerning  this  phenomenon  is  that  cell 
membrane  synthesis,  repair,  or  turnover  might  be  particular¬ 
ly  sensitive  targets  in  lymphoblasts.  To  explore  this  pos¬ 
sibility,  the  content  of  sialic  acid  susceptible  to  neura¬ 
minidase  was  determined  under  several  conditions.  If  radio¬ 
active  glucosamine  is  added  to  cells  in  culture,  it  will  be 
incorporated  into  sialic  acid  ( N-acetylneu.raminic  acid)  in 
addition  to  many  other  compounds.  Eventually,  some  of  the  la¬ 
belled  amino  sugar  becomes  incorporated  into  the  sialic  acid 
found  on  the  external  surface  of  the  plasma  membrane.  The 
terminal  sialic  acid  in  surface  glycoproteins  can  be  cleaved 
by  neuraminidase  ( 39 ) »  releasing  free  sialic  acid  into  the 
medium.  Since  the  enzyme  does  not  readily  penetrate  the 
cells  (40),  it  can  be  assumed  that  the  sialic  acid  released  is 
from  compartments  of  the  outer  surface  of  the  cell  membrane. 

L5178Y  cells  were  treated  with  radioactive  D-glu- 
cosamine  and  then  exposed  to  neuraminidase  in  the  presence 
or  absence  of  asparaginase.  The  amount  of  radioactivity 
from  glucosamine  released  into  the  medium  (as  sialic 
acid)  was  determined  in  both  instances.  As  can  be  seen 
from  Table  2,  asparaginase  treatment  resulted  in  a  consi¬ 
derably  greater  release  of  neuraminidase-susceptible  ra¬ 
dioactivity  (presumably  sialic  acid)  than  seen  in 
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Table  2 

Effect  of  L-Asparaginase  on  Release  of  Radioactivity  from 
L5178Y  Cells  by  Neuraminidase  after  Prelabeling 
with  D-Glucosamirje 


cpm  m 

cpm  m 

cpm  in 

mec ium 

ac id-sol . 

ac  id- insol . 

Sample 

Time 

1 0fe cells 

1  0C  cells 

1 06  c  e  1 1  s 

Control 

+  Neuraminidase 

3  hr 

2170 

Control 

.  .615 

1555 

Control 

+  Neuraminidase 

4-|  hr 

3745 

807 

1850 

Control 

646 

850 

2120 

3099 

L-Asparaginase 

+  Neuraminidase 

3  hr 

3120 

L-Asparaginase  alone 

_2Pi 

2215 

L-Asparaginase 

+  Neuraminidase 

4-j  hr 

8050 

793 

1540 

L-Asparaginase  alone 

2030 

1299 

2470 

"67)2  0 

L5178Y  cells  were  pre- treated  with  D-glucosamine  (lpC/ml, 

260  mC/mM )  for  9  hours  at  37°  grov/n  for  15  hours  in  the  pre¬ 
sence  of  "cold"  D-glucosamine,  and  subsequently  treated  with 
L-asparaginase  and  neuraminidase  (see  METHODS).  Release  of 
sialic  acid  into  the  medium  and  incorporation  of  radioacti¬ 
vity  into  acid-soluble  and  ac id- insoluble  portions  of  the  cell 
were  determined  as  described  in  METHODS. 
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the  controls.  This  implies  that  asparaginase  affected 
the  structure  of  the  membrane  by  either  altering  the  sialic 
acid  incorporation  pattern  or  by  changing  the  conformation 
of  the  membrane  to  make  more  sialic  acid  molecules  sus¬ 
ceptible  to  neuraminidase  cleavage.  This  experiment  can¬ 
not  differentiate  between  these  two  possibilities.  The 
table  also  shows  that  asparaginase  resulted  in  a  signi- 
figantly  greater  accumulation  of  radioactivity  in  the  acid- 
soluble  fraction.  This  could  be  explained  by  the  inhibi¬ 
tion  of  protein  synthesis  and  consequent  synthesis  of  glyco¬ 
proteins  essential  to  the  integrity  of  the  cell  membrane. 
Thus  the  radioactive  glucosamine  and  its  derivatives  would 
remain  in  the  acid-soluble  fraction  of  the  cell  instead  of 
being  incorporated  into  the  ac id- insoluble  glycoprotein. 

1 5 •  Electron  Microscopy 

Perhaps  the  most  direct  method  of  determining  an 
effect  on  the  cell  membrane  is  observation  of  the  surface 
membrane  by  the  electron  microscope. 

Cells  were  incubated  with  L-asparaginase ,  and,  at 
various  time  intervals,  samples  were  prepared  for  elec¬ 
tron  microscopy  as  described  in  METHODS.  This  technique 
was  employed  to  identify  minimal  lesions  in  the  membrane 
before  the  actual  destruction  of  the  cell.  However,  as  a 
result  of  the  trauma  incurred  by  the  cells  during  their 
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preparation  for  fixation,  slight  defects  were  seen  in 
the  membranes  of  untreated  cells  as  well.  This  diffi¬ 
culty  may  have  been  eliminated  by  adding  the  glutaraldehyde 
directly  to  the  cell  suspension  before  centrifugation . 

Nevertheless,  it  was  possible  to  quantitate  the 
degree  of  cell  destruction  induced  by  asparaginase  much 
more  accurately  than  with  the  Coulter  counter.  The  data 
are  summarized  in  Table  It  is  apparent  that  signifigant 

cell  fragmentation  does  not  occur  until  4  hours  of  exposure 
to  L-asparaginase .  The  percentage  of  totally  fragmented 
cells  increased  from  21%  to  26%  between  four  and  six  hours 
exposure  to  the  enzyme.  Lesions  in  control  ceils  remained 
essentially  constant  during  the  six  hour  period  and  were 
much  less  frequent  than  in  treated  cells.  The  following 
series  of  plates  exemplifies  the  morphology  of  L5178Y  cells 
when  they  are  treated  with  L-asparaginase. 

The  first  two  plates  represent  normal  L5178Y  cells 
from  a  culture  untreated  with  L-asparaginase.  Their  plasma 
membranes  are  sharp  and  intact.  The  remainder  of  the  plates 
illustrate  cells  which  had  been  exposed  to  L-asparaginase 
for  various  time  periods.  The  cell  in  Plate  2,  which  had 
been  exposed  to  L-asparaginase  for  4  hours,  is  missing  a 
large  portion  of  its  plasma  membrane,  however  its  cyto¬ 
plasmic  contents  are  intact.  The  disrupted  cell  in  Plate  4 
is  typical  of  most  of  the  cells  which  were  damaged  following 


-48- 


L-asparaginase  treatment. 

Adjacent  to  the  cell  membrane  in  a  normal  cell  (Plate 
2)  there  are  five  "virus-like"  particles.  Their  dense 
central  cores  and  concentric  clear  and  dense  zones  are  very 
similar  morphologically  to  viruses  of  the  Herpes-type. 

They  were  found  to  be  present  at  random  throughout  all  cell 
samples,  treated  or  untreated,  and  might  represent  a  viral 
contaminant  of  the  culture.  Plate  5  depicts  a  cell  Which 
had  been  exposed  to  L-asparaginase  for  one  hour;  numerous 
particles  are  seen  surrounding  the  cell.  At  greater  magnifi¬ 
cation  (Plate  6)  it  appears  that  the  cell  membrane  has  opened, 
releasing  (or  being  invaded  by)  these  particles.  Within 
the  cell  (arrow)  rows  of  "immature  virus-like"  particles 
appear  to  be  present. 

The  cell  in  Plate  7  looks  very  healthy  despite  four 
hours  exposure  to  L-asparaginase.  This  cell  may  be  prepar¬ 
ing  to  undergo  mitosis;  the  centrioles  can  clearly  be  seen 
at  one  pole  of  the  nucleus,  and  there  is  aggregation  of  the 
nuclear  chromatin.  The  last  plate  (Plate  8)  is  a  higher 
magnification  of  the  same  cell,  revealing  finer  details  of 


these  structures. 
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Table  3 

Quantitative  Estimate  of  Cell  Damage 


Control  Asoaraginase 

.  — >■  1  ■  - — - — - — — — '  -** " 


Time 

0 

6  hr 

2  hr 

= - a — - - 

4  hr 

6  hr 

Intact 

cells 

88 

89 

76 

74 

66 

Membrane 

defects 

3 

5 

11 

5 

8 

Lysed 

cells 

9 

6 

13 

21 

26 

Exponentially  growing  L5178Y  cells  were  exposed 
to  L-asparaginase  (0.2  I.U./ml)  at  37°and  prepared 
for  electron  microscopy  (see  Methods)  at  the 
appropriate  time  intervals.  Data  are  expressed 
as  percentage  of  the  total  number  of  cells  observed 
(100  cells  counted  in  each  group). 
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PI  ate  1 

Plate  2 

Plate  3 

Plate  4 

Plate  5 

Plate  6 

Plate  7 


List  of  Plates 

Normal  L5178Y  cell,  unexposed  to  L-aspara- 
ginase.  x20,000. 

Same.  x40,000. 

L5178Y  cell  exposed  to  L-asparaginase  (0.2 
for  4  hours.  x20,000. 
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Plate  8 


DISCUSSION 


These  studies  did  not  demonstrate  biochemical  or 
morphological  changes  in  L5178Y  cells  until  four  hours  afte 
inhibition  of  protein  synthesis.  However,  at  that  time 
a  variety  of  changes  occurred:  the  cell  number  decreased; 
the  cell  size  profile  changed;  the  uptake  of  the  dye,  try¬ 
pan  blue  increased;  and  the  percentage  of  damaged  cells 
determined  by  electron  microscopy  markedly  increased.  The 
effects  on  the  cells  were  identical  whether  L-asparaginase 
or  cycloheximide  was  used  as  the  inhibitor  of  protein  syn¬ 
thesis,  reinforcing  the  idea  that  the  enzyme  was  exerting 
its  lytic  effect  by  inhibition  of  protein  synthesis.  This 
was  further  supported  by  experiments  in  which  asparagine  or 
arginine  were  eliminated  from  the  growth  medium.  Therefore 
all  modes  of  inhibition  of  protein  synthesis,  gave  the  same 
kinetics  of  cell  destruction.  In  the  amino  acid  depletion 
studies,  cell  growth  ceased  after  one  hour.  This  implied 
that  it  took  less  than  one  hour  to  deplete  the  intracellu¬ 
lar  pools  of  these  amino  acids  to  levels  insufficient  for 
the  maintenance  of  cell  growth. 

Of  interest  is  the  early  onset  of  the  phenomenon, 
i.e.  four  hours.  None  of  these  effects  were  seen  in  the 
P8I5Y  ceil  line  even  eight  hours  after  the  inhibition  of 
protein  synthesis.  The  possibility  that  protein  synthesis 
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was  not  inhibited  as  extensively  in  the  P815Y  cells  was  eli¬ 
minated  by  the  experiment  which  showed  almost  no  incorpora¬ 
tion  of  L-valine-^C  into  ac id- insoluble  extracts  cf  both 
cell  lines  at  the  dose  of  cycloheximide  used.  The  fact  that 
L-asparaginase  did  actually  inhibit  the  growth  of  P815Y  cells, 
which  are  asparagine- independent ,  was  clarified  by  the  glu¬ 
tamine  repletion  studies.  When  comparing  the  effects  of  the 
depletion  of  glutamine  or  asparagine,  it  should  be  remembered 
that  glutamine  depletion  results  in  an  inhibition  of  nucleic 
acid  synthesis,  thus  completely  shutting  off  the  cell. 

Thus  the  L5178Y  cells  appear  to  be  unusually  sensitive 
to  inhibition  of  protein  synthesis.  However,  an  active  meta¬ 
bolic  process  or  processes  must  occur  before  the  cell  is  de¬ 
stroyed  since  cells  were  protected  from  lysis  by  L-asparaginase 

O 

when  incubated  with  the  enzyme  at  0.  Synthesis  of  a  lethal 
compund  within  the  cell  is  possible;  however,  it  is  unlikely 
that  a  lethal  protein  was  synthesized,  for  both  agents  em¬ 
ployed  cause  inhibition  of  general  protein  synthesis. 

Emphasis  was  placed  on  studying  the  plasma  membrane 
for  a  number  of  reasons.  The  sudden  ’’lysis"  of  the  cells 
could  certainly  be  a  membrane  phenomenon.  In  addition,  the 
amide  nitrogen  of  asparagine  is  linked  to  C-l  of  N-acetyl- 
glucosamine  (a  glucosylamine- type  linkage)  in  the  formation 
of  glycoproteins,  which  are  key  constituents  of  cell  mem¬ 
branes  (41).  3ossman  and  Kessel  (42)  showed  that  L-aspara¬ 
ginase  inhibited  glycoprotein  synthesis  in  L5178Y  cells;  how¬ 
ever,  in  their  studies  they  did  not  eliminate  the  possibility 
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that  the  glycoprotein  synthesis  was  being  blocked  as  a  re¬ 
sult  of  inhibition  of  protein  synthesis  and  not  at  some 
other  locus  along  the  pathv/ay  of  glycoprotein  assembly. 

Using  human  peripheral  blood  lymphocytes,  Lajolo  ejt  al .  (43) 
demonstrated  that  L-asparaginase  decreased  the  electropho¬ 
retic  mobility  of  these  cells,  thus  implying  that  the  enzyme 
has  in  some  way  affected  the  cell  membrane  to  alter  its  net 
charge . 

Investigation  of  the  L5178Y  cell  membranes  was  ap¬ 
proached  by  both  biochemical  and  morphological  means.  The 
ability  of  the  cells  to  concentrate  an  amino  acid  from  the 
medium  did  not  seem  to  be  impaired . after  four  hours  exposure 
to  the  drug.  These  results  might  be  spurious  if  the  control 
cells  were  not  functioning  properly.  In  that  case  the 
cell/medium  ratio  of  the  amino  acid  might  be  lowered  in  the 
controls  and,  in  fact,  approximate  that  of  the  asparaginase- 
treated  cells.  This  is  probably  not  the  case,  for  the  ex¬ 
periment  was  repeated  five  times;  each  time  the  same  cell/me¬ 
dium  ratio  was  obtained. 

The  uptake  of  trypan  blue  was  also  used  as  a  measure 
of  cell  membrane  integrity.  L-asparaginase  definitely  in¬ 
creased  dye  uptake;  however,  this  occurred  after  four  hours 
exposure  to  the  enzyme.  At  that  time  the  cell  numbers  were 
decreasing,  and  it  would  be  expected  that  they  take  up  the 
dye.  Prior  to  four  hours,  the  membrane  was  essentially 
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unaffected  in  its  exclusion  of  the  dye. 

Since  it  has  been  shown  that  neuraminidase  causes  a 

signifigant  reduction  in  the  electrophoretic  mobility  of 

murine  CL3  ascites  leukemia  cells  (44 )  sialic  acid  appears 

to  make  a  signifigant  contribution  to  the  surface  charge 

14 

of  the  cell.  Thus  the  C-glucosamine  experiment  was  de¬ 
signed  to  determine  the  effect,  if  any,  of  L-asparaginase 
on  the  release  of  sialic  acid  on  the  external  surface  of 
the  cell  membrane  by  neraminidase .  The  results  indicate 
L-asparaginase  signif igantly  increased  the  accessibility 
of  membrane  sialic  acid  to  neuraminidase .  As  mentioned 
earlier,  these  results  could  suggest  that  L-asparaginase 
affected  the  metabolism  of  glycoproteins  and  allowed  more 
sialic  acid  to  enter  the  cell  membrane  and  reach  the  exter¬ 
nal  surface,  or  ihe  enzyme  could  be  changing  the  confor¬ 
mation  of  the  membrane  to  make  its  sialic  acid  molecules 
more  accessible.  Another  less  probable  explanation  is  that 
asparaginase  may  modify  neuraminidase  and  increase  its  ac¬ 
tivity  or  allow  it  to  gain  entrance  into  the  cell  while  main¬ 
taining  its  activity.  None  of  these  possibilities  can  be 
excluded  by  the  present  experiments. 

Although  electron  microscopy  could  have  provided 
the  most  direct  demonstration  of  membrane  damage.  This 
approach  was  not  very  successful  because  control  and  treat¬ 
ed  cells  exhibited  some  degree  of  membrane  damage.  This 
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damage  was  possibly  related  to  the  physical  stresses 
created  during  the  harvesting  procedure  and  may  be  mini¬ 
mized  by  earlier  fixation  of  the  specimens. 

The  most  direct  way  to  study  the  membranes  would  be 
to  actually  isolate  them.  In  the  present  study  an  attempt 
to  adapt  a  method  of  HeLa  cell  membrane  preparation  (45)  to 
isolate  the  plasma  membranes  of  15178Y  cells  was  unsuccess¬ 
ful.  Several  trials  of  the  method  of  Warren  _et  al.  (46), 
which  used  a  hypotonic  Tris-Cl  buffer  to  isolate  L5I78Y 
cell  membranes  were  also  unsuccessful.  Recently,  Dods  et  al . ( 47 ) 
have  reported  successful  isolation  of  L5I78Y  cell  plasma 
membranes.  In  that  same  report  they  described  an  experiment 
in  which  L5178Y  (Asn“)  cell  ghosts  lysed  after  five  minutes 
exposure  to  L-asparaginase  (1*5  I.U./ml).  It  would  have 
been  interesting  to  see  if  the  enzyme  had  an  effect  on  aspa¬ 
ragine-independent  (Asn4)  L5178Y  cells. 

With  a  method  of  isolation  of  pure  L5178Y  cell  mem¬ 
branes  available,  it  will  be  possible  to  do  direct  chemical 
analyses  of  the  plasma  membrane  of  cells  whose  protein  syn¬ 
thesis  has  been  inhibited  but  have  not  yet  lysed  (i.e.  be¬ 
fore  four  hours  exposure  to  the  inhibitory  agent).  It  would 
be  interesting  to  degrade  the  membranes  isolated  from  cells 
previously  exposed  to  radioactive  D-glucosamine  and  subse¬ 
quently  subjected  to  protein  synthesis  inhibition  to  see  if 
there  had  been  any  changes  in  the  glycoprotein  profiles  or 
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sialic  acid  content  of  the  cell  membrane*  Examination  of 
the  total  protein,  carbohydrate,  and  lipid  components  of 
the  membranes  might  detect  a  shift  in  the  relative  propor¬ 
tions  of  these  substances  when  exposed  to  the  stress  of 
protein  synthesis  inhibition.  Amino  acid  analysis  of  the 
purified  membranes  would  also  be  interesting,  especially 
since  asparagine  is  so  important  in  the  linkage  of  glyco¬ 
proteins  . 

With  these  techniques  biochemical  examination  of 
the  isolated  cell  membrane  might  disclose  the  molecular 
lesion  responsible  for  the  L5178Y  cell’s  rapid  disintegra¬ 
tion  following  protein  synthesis  inhibition. 
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